Recently developed fine cationic colloidal iron allows the light and electron microscopic detection of tissue anionic sites at a wide pH range of 0. 8-7.6 (SEND et al., 1985; MURAKAMI et al., 1986 MURAKAMI et al., , 1993a OHTSUKA et al., 1991) . For electron microscopic detection, the pre-embedding or bulk staining method has usually been used (SEND et a.,1985; MURAKAMI et al., 1986) . However, this pre-embedding method has some disadvantages : 1) limited permeation of colloid into tissues or cells; 2) tissue or cell damage due to acidic pH at staining; and 3) difficulty of correlative light and electron microscopic studies in the same tissue or cell. To overcome these problems, the present study introduces a post-embedding staining method which uses hydrophilic acrylic resin and our fine cationic colloidal iron (MURAKAMI et al., 1986) .
As an example for the application of the present improved colloidal iron method, we chose mouse Paneth cells, whose granules have acid mucopolysaccharides in the peripheral rims (SPICER et al., 1967; THIERY and OVTRACHT,1979) , though detailed ultrastructures in the rim have not been elucidated. The present study shows that acid mucopolysaccharides in the rim form a reticular structure to suspend the core, which contains a lysozyme activity (DECK et al., 1967 , ERLANDSEN et al., 1974 .
MATERIALS AND METHODS
Fine cationic colloidal iron was prepared as previously described (MURAKAMI et al., 1986) . Briefly, 10ml of 0.1M FeC13 and 100ml of 0.1M cacodylic acid containing 0.5v/v% hydrazine hydrate were mixed, boiled, cooled and stocked. Before use, one volume of the stocked mixture was diluted extensively with fifty volumes of cacodylic acid-hydrazine solution. The pH value of this diluted mixture was adjusted to 1.5, 2.5, 4.0 or 7.0 with 0.1-1N HCI.
Under ether anesthesia, four mice were perfused via the left ventricle with Ringers solution and with a mixed fixative of 2.0% paraformaldehyde and 0.5% glutaraldehyde in 0.1M cacodylate buffer (pH7.4). The jejunum was isolated from each animal, cut into small blocks (1x1x2mm), and immersed for 4-6h at 4C in the same fixative. The fixed tissue blocks were rinsed in 5% sucrose in 0.1M cacodylate buffer, dehydrated with ethanol, embedded in hydrophilic acrylic resin (LR White-hard grade: London Resin, Hampshire, UK), and incubated at 55C for 24h to polymerize it. The embedded specimens were cut into ultrathin sections. Each section, mounted on platinum or gold grids, was stained by floatation on a drop of the extensively diluted (1:50 in volume) fine cationic colloidal iron sol at pH values 1.5, 2.5, 4.0 or 7.0 for 30 min at room temperature (Fig. la) . They were then rinsed in cacodylic acid-hydrazine solution at the same pH value, washed thoroughly with distilled water and dried in the air.
The dried sections were exposed to 0504 vapor for 1 h at room temperature (MURAKAMI et al., 1973; SUZAKI and KATAOKA,1992 ) using a closed glass chamber (diameter x height=55x10mm) in which one or two small open glass-dishes (diameter=10mm) containing 1ml of 2% 0504 aqueous solution were placed (Fig. lb) . After this osmium staining, the specimens were observed with a transmission electron microscope (H-7100S, Hitachi) at an accelerating voltage of 75 kV without any other additional metal staining.
In addition, semithin sections were prepared from the LR White-embedded specimens. These sections were also stained with the diluted (1: 3 in volume) cationic colloidal iron, treated with 1% K4Fe(CN)6 in 0.1M HCl for Prussian blue reaction, and observed with a light microscope.
As further experiments, some jejunal blocks (2x 2x3mm) were isolated from the mice which were fixed by perfusion with 4% paraformaldehyde in 0.1 M cacodylate buffer under ether anesthesia. These blocks were embedded in paraffin, cut into sections, deparaffinized with xylene, incubated in the extensively diluted (1:50 in volume) cationic colloidal iron for 30min, washed in distilled water, treated for 5 min with 1% K4Fe(CN)6 in 0.1M HCl for Prussian blue reaction, washed again and counterstained with nuclear fast red, and observed with a light microscope.
RESULTS

Light microscopy
The specimens fixed with 4% paraformaldehyde and stained with our extensively diluted cationic colloidal iron showed a low background Prussian blue reaction (Figs. 2, 3 ). In the specimens stained at pH1.5 (Fig.  2a) , the outer rims of Paneth cell secretory granules showed distinct Prussian blue reaction. Mucus of the goblet cell also showed Prussian blue reaction. At pH 2.5 (Fig. 2b) , the rims of Paneth granules showed stronger Prussian blue reaction than at pH 1.5. At pH 4.0 (Fig. 2c ), Prussian blue reaction was seen in the rims of Paneth granules. The cytoplasm of the intestinal gland cells showed weak Prussian blue reaction. At pH 7.0 ( Fig. 2d) , cytoplasm other than the secretory granules showed a Prussian blue reaction as well as the rims of Paneth granules.
In semi-thin sections from LR White embedded specimens, the rims of Paneth cell granules and mucus of the goblet cells clearly showed Prussian blue reaction at pH value 1.5 (Fig. 3) .
Transmission electron microscopy
Sections from the LR White embedded specimens, which were stained with extensively diluted cationic colloidal iron and exposed to osmium vapor, showed a deposition of colloid particles with little contamination and with low background, and also yielded good contrasts for observation of extra-and intra-cellular ultrastructures . Even in sections stained at such a low pH level as 1.5, the embedded tissue elements showed no morphological alterations (Fig. 4) .
In the specimens stained in extensively diluted cationic colloidal iron at pH 1.5 (Fig. 4) , the rims of Paneth granules showed a marked deposition of fine electron dense particles of cationic colloidal iron. In the rims, colloidal iron particles tended to aggregate for the manipulation of specimens. a. Metal grids mounted with specimens (S) were placed on droplets of extensively diluted cationic colloidal iron (Fe). b. A closed chamber for osmium vapor exposure. Grids with specimens (S) were placed vertically in a grid holder to expose both sides of sections to osmium vapor.
F parafilm, Os 2% osmium tetroxide solution, P Petri dish. a b on the osmium-stained flocculi which form a reticular structure. Dot-like colloidal iron deposits were observed in the border between the Paneth granular core and rim (Fig. 4 Inset) . The core showed only a few or sparse deposits of colloidal particles. Colloidal iron particles also deposited in some vacuoles of the Golgi apparatus.
At pH2.5 (Fig. 5) , colloidal iron preferentially deposited in the rims of the Paneth granules and vacuoles of the Golgi apparatus. Colloidal iron in the Paneth granular rims showed marked aggregations or an osmiophilic reticular structure (Fig. 5 Inset) . The border between the granular core and rim was also stained with cationic colloidal iron.
At pH 4.0 (Fig. 6) , the rims of the Paneth cell granules showed a strong reaction to cationic colloidal iron particles. Most particles did not aggregate in the rim, but were distributed on the osmiophilic reticular structures. Ribosomes showed a deposition of cationic colloidal iron. Colloidal particles were also distributed At pH 7.0 (Fig. 7) , the rims of Paneth granules were stained with the colloidal iron, whose particles did not show an aggregation but were deposited on the osmiophilic reticular structure. Cores of the secretory granules were stained diffusely with cationic colloidal iron. Ribosomes showed marked deposition of cationic colloidal iron.
DISCUSSION
The present study developed a post-embedding staining method of cationic colloidal iron for transmission electron microscopic detection of tissue anionic sites, including sulfate, carboxyl and phosphate groups. In the pre-embedding or bulk staining methods used previously, colloidal iron penetrated tissue blocks slowly, so that the superficial regions of the blocks stained densely, but deeper regions weakly. Cryosections (CURRAN et al., 1965; SPICER et al., 1967) and thin-slices of tissues (CURRAN et al., 1965; SEND et al., 1985) have been prepared to overcome this disadvantage of limited penetration of colloidal iron. Such low acidic pH levels as 1.5, however, produced severe damage to those naked tissues or cells without any protection. The present post-embedding method with the hydrophilic resin, thus, is advantageous in eliminating both uneven staining and morphological damage effected by acid.
In order to detect anionic sites in tissues or cells at the electron microscopic level, ultrathin sections from hydrophilic resin-embedded specimens have been stained with some cationic probes such as dialyzed iron (THOMOPOULOS et al., 1983a) , high iron diamine (THOMOPOULOS et al., 1983b; MURATA et al., 1992) and cationized colloidal gold (VORBRODT, 1987; Kashio et al., 1992) . Our cationic colloidal iron particles (about 1nm) used here are finer in size and more stable over a wider pH range (0.8-7.6) than the other probes (MURAKAMI et al., 1986) . Extensive dilution of our colloidal iron prior to staining was always needed for satisfactorily processing our method or for eliminating undesired contaminations with the colloid. In our preliminary experiments, marked non-specific depositions or contaminations were observed with an electron microscope when the sections of LI White resin were stained with non-diluted or moderately diluted (1 :5 in volume) cationic colloidal iron (MURAKAMI et al., 1986) . Exposure of the ultra-thin sections to osmium vapor yielded adequate images of tissue elements for transmission electron microscopy. This osmium exposure had an additional advantage in that it made the resin sections stable against electron beam irradiation.
The present study has shown that semi-thin sections of LI White resin embedded specimens can be stained with cationic colloidal iron for light microscopy. Furthermore, the present study confirmed that light microscopic findings corresponded with electron microscopic ones.
The fine cationic colloidal iron of SENO and his associates (1985) may be useful as a substitute for the presently used cationic colloidal iron. Our fine anionic colloidal iron (OHTSUKA and MURAKAMI, 1986 ) may be useful in post-embedding staining for electron microscopic detection of cationic sites or groups such as amines in histamine-containing granules of mast cells whose positive charge even at pH 9.0 has been shown in light microscopy using anionic colloidal iron (OHTSUKA et al., 1991) . Other hydrophilic acrylic resin, such as Lowicryl K4M, may be used as a substitute for LIZ White resin.
The present study has confirmed that the rims of mouse Paneth granules have a strong negativecharge, which ionizes even at pH 1.5, as demonstrated previously using dialyzed iron (SPICER et al., 1967) and cationized ferritin (THIERY and OVTRACHT, 1979) . This indicates that these colloidal iron deposit sites are charged negatively even at pH 1.5. Most of such a strong negative charge may be derived from sulfate groups of sulfated glycoconjugates.
Colloid deposition in the Golgi apparatus of Paneth cell indicates that such a negatively charged substance is produced in this organella. In addition, the staining of ribosomes with cationic colloidal iron at pH 4.0-7.0 suggests that phosphate groups of nucleic acid may be stained at this pH level.
The present transmission electron microscopy has shown the deposition of colloidal iron particles on the osmiophilic reticular structure and at the border between the granular core and rim. It has been suggested that the Paneth granular core contains basic proteins (SPICER et al., 1967) and has a lysozyme activity (DECKX et al., 1967; ERLANDSEN et al., 1974) , and that acid mucopolysaccharides in the rim resist proteolysis (MERZEL, 1967) . The present study further suggests that anionic sites at the border of the rim and the core may line against cationic sites in the core basic protein, and that reticular structures intercalated between the core and vesicular membrane suspend the core in the granular vesicle. This supports the hypothesis, "protection from a self digesting process", as proposed by SELZMAN and LIEBELT (1962) . 
